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(54) Photorecording Riedhim and process for Iteming mecflum 

(57) An improved photorecording medium suitable thereby Improving the process of storing 
for use in holographic storage systems contains a 
glassy hybrid inorgario-organic, three dimensional 
matrix, in which is cfisbtxJted a photoimageaft)le system 
comprising one or more photoactive, organic rnomo- 
mers. The mecfium is fat)ricated 1^ providing a precur- 
sor of the h^bM inorganic-organic matrix, mixing the 
matrix precursor with the photoimageable system, arxl 
curing the matrix precursor to form the matrix in situ. 
The matrix and photoimageable system exhixt inde- 
pendent chemistries, such ttiat ttie step of matrix forma- 
tion does not substantially affect the photoimageat)le 
system The hybrid matrix precursor is typically an oli- 
gomer derived from a compound represented t>y 
RnMCOR')^^, where M is a metaOic element having a 
valence of three or higher, such as silicon, titanium, ger- 
martium, zirconium, vanadium, or aluminum, R is an 
alkyi or aryl, R* is a lower alkyl. and n ranges from 1 to 
2. The hybrid nature ofthe matrix material provides sev- 
eral advantages. The inorganic cfiaracter offers ther- 
mal, mechanical, and chemical statxfity, and also 
reduces both the bulk viscoelastic creep and the bulk 
potyrrierizatkxHnduced shrink^ typicaOy exhtxted t>y 
media utilizing organc polymer matrices. The organk: 
cfiaracter prondes oompattxity between the matrix 
precursor and the organic components (ag., the pho- 
toactive monomer) of tfie photoimageable system, 
alkiwing homogeneous mixing during fabricatkm of the 
medium. The organic moieties also offer some flexibility 
to the matrix, and, it ^Y>ears, ease diffusk>n of the pho- 
toactive monomer within the matrix during eocposure, 



Prtrtad by Xwm (UK) Business Servloes 
ai6.7/3L6 



1 EP0938027A1 2 



Description 

BACKQRQUND OF THE INVENTION 

R^^jOfthglnvyitipn s 

[0001] The invention relates to information storage 
media. In particular media useful with holographic stor- 
age systems^ 

Discussion of the Related Art 

[0002] DeveloperB of information stor^e devices and 
methods continue to seek increased storage capacity. 
As part of this development, page-wise memory sys^ 
tems, in particular holographic systenrs, have been sug- 
gested as attematives to conventional memory devices. 
Page-wise systenrs involve ttie storage and readout of 
entire twixGmensional pages of data. Specifically, 
recording light passes through a twoKfimensfonal array 
of dark and transparent areas representing a page of 
data, and the hofographic system stores, in three 
dimensions. hofograpNc represerrtatfons of the pages 
88 patterns of varying refractive index and/br absorption 
Imprinted into a storage mecfium. Hofographic systems 
are (fiscussed generally in D. PsaHis et al., "Hofographic 
Memories,* Scientific American. Nc^ember 1995, the 
discfosure of which is hereby incorporated by reference. 
One metfiod of hotographfo storage is phase correlation 
multplex hotography, which is descrfoed in US. Patent 
No. 5.719.691 issued February 17, 1998^ the discfosure 
of which is hereby incorporated t^ reference. In phase 
correlation multiplex holo^apfiy, a reference ligfit beam 
is passed tfvough a pfi^e mask, and intersected In tfie 
recorcfing medium with a signal beam that has passed 
through an array representing data, thereby forming a 
hofogram in the medium. The relation of the phase 
mask and the reference beam is ac^usted for each suc- 
cessive page of data, thereby modulating the phase of 
the reference beam and alfowing the data to k>e stored 
at overlapping areas in tfie mecfivn. The data is later 
reconstructed t)y passing a reference beam through the 
original storage location with the same phase modub- 
tfon used during data storage. 
[0003] The capabilities of hofographic storage sys- 
tems are limited in part by the storage media. Irorv 
doped Irthium niobate has been used as a storage 
media for research purposes for many ye^s. However, 
lithium niot>ate is expensive, exhfoits poor sensitivity, 
and tends to introduce noise during read-out of tfte 
stored information. Alternatives have tfierefore been 
sought, particulariy in the area of pfwtosensitive poly- 
mer fims. See. eg., W.K. Smothers et al., "Photopoly- 
mers for Hofography," SPIE OEA^er Conference, 
1212-03. Los Angetes, CA. 1990. The material 
described in this artide contains a photoimageafafo sys- 
tem of a liqukJ morKxner material and a pfiotoinitiator 
(wfiich promotes tfie polymerization of the monomer 



upon exposure to light), in a matrix organic polymer that 
is substantially inert to the exposure Gght. During writing 
of information into tfie material (l>y passing recording 
light through an array representing data), the monomer 
polymerizes in the exposed regions. Due to the result- 
ant towering of the monomer concentratioa monomer 
from the daric. unexposed regons of the material dif- 
fuses to the exposed regions. The polymerization and 
resulting concentration gradient aeate a refractive 
index change, forming the hofogram containing the 
data. Unfbrtonately. deposition of the pre-formed matrix 
material containing the photoimageable system 
requires use of solvent, and the thx:kness of the mate- 
rial is therefore limited, eg., to no more than about 150 
|im, to alfow adequate evaporation of tfie solvenL bi 
addition, polymerization-induced bulk shrinkage of 4- 
10% d^rimentally affects the reliability of data retrieval 
(bulk indfoating tfiat the sfirinkage occurs through the 
wfiole of the material). 

[0004] U.S. patent application serial na 08/698.142 
(our reference Gotvin-Harris-Katz-SchilSng 1-2-16-10). 
the discfosure of which is hereby incorporated by refer- 
erx;e. relates to a polymeric holographfo medium. The 
medium is formed by mixing oGgomeric matrix precursor 
arvi photoactive monomer, and photo^curing the mix- 
ture such ttiat (a) the nriatrix is formed from tfie oligomer, 
and (b) at least a portion of the monomer remains unre- 
acted and thus availat3le for holographic recording. 
Because no solvent is required for deposition of these 
materials (since the mixture is fluid), greater thick- 
nesses are possble, eg., 1 mm and above. Although 
the material has many attrOxites, greater resolution 
would t>e possible if bulk shrinkage of the medium dur- 
ing writing ooukJ be fimited. 

ID005I Attempts to provfoe a photoimageable system 
oontainlrig a moriomer in a glass matrix have also t>een 
made. U.S. Patent f^ 4,842,968 discfoses a porous 
glass matrix in wftfoh the pores are filed with a pfiotoinv 
ageaUe system. The porous glass is placed into a con- 
tainer of the photoimageable ^stem, where tfie 
photoimageable system diffuses into the pores. After 
exposure to Gg^t. tfie unexposed. i.e.. non-polymerized, 
portions of the photoimageable system musX be 
removed from tfie pores with a solvent, and a cfiff erent 
material is typfoally substituted into ttie emptied pores. 
The glass matrix offers destratsle structural integrity, in 
contrast to mecf a containing polymer matrices, and also 
altows formation of relatively thick, ag.. greater than 1 
mm. photorecording media useful for holographic stor- 
age systems. However, the medium of ttiis patent has 
several practical drawbacks. Specifically, complex 
chemical treatments are required to remove unreacted 
monomer, arxJ there is smaD latitude in defining ttie 
structure, volume percent porosity, pore size, and pore 
interoonnectivity in the preformed glass. 
[0006] Thus, whae progress has been made in fabri- 
cating photorecorcfing media suitable for use in holo- 
graphfo storage systems, furttier progress is needed. In 
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particular, media which have improved chemical and 
structural Integrity, which are capable of t>eing formed in 
relatively thick, ag., greater than 1 mm. layers without 
complex chemical treatments, and which allcw some 
latitude in selecting matrix properties, are desired. 

NUMMARY OF THE INVEmTON 

[0007] The invention relates to an improved photore- 
cording medium suitable for use in holographic storage 
systems, a process for making the medium, and a proc- 
ess for holography utilizing the mec£um. The medium 
contains a hyt>rid inorganic-organic, three dmensional 
matrix, in which is cfistritsuted a photoimageable system 
comprising one or more photoactive organic monomers. 
The hytxid Inorganic-or^nic matrix contains a three- 
dimensional Inorganic bacMxxie. ag.. Si-O-Si-O. wttti 
organic nwieties. e.g.. alkyi and/br aryl, attached to the 
backbone, and the matrix is advantageously glassy. 
(Glassy Indicates a glass transition temperature (Tg) at 
least 20^0 higher ttian the temperature of use. typically 
a Tg of at least 45''C. As used herein, a photoactive 
morvHner is a molecule that polymerizes in response to 
exposure to certain wavelengths of light, whether 
directiy in response to the light or inducement from 
arK)1her material, i.e., a photoinitiator, due to ttiat other 
material's exposure to Bght.) 
[0008] The recording medium is fabricated by provU- 
ing a precursor of the hybrid inorgartiOK>rganlc matrix, 
mixing the matrix precursor with the photoimageable 
system, and curing the mixture to form the matrix in situ 
(the term in situ indicating ttiat the matrix is formed In 
the presence of the photoimageable system). The 
matrix and the photoimageable system are selected to 
exhibit independent chemistries, meaning ttiat the 
rnechanism of matrix Ibrrnation differs from that of hoto- 
gram Inscription, i.e., the process by wtuch the matrix is 
fbrnrmd from the precursor win nattier (a) sitetantially 
induce polymerization of ttie photoactive monomer nor 
(b) sut>stantiany Inhbit sulssequertf polymerization of 
the monomer during hok)gram writing. For example, the 
matrix is typically formed by a ttiermal cure of the pre- 
cursor, while the photoactive nfK>nomer of the photoim- 
ageable system is designed to polymerize k)y Gocposure 
to radiation. The matrix fonmation ttierefore typically 
does not suksstantially affect the information storage 
capability of the photoimageable system, aHhough 
some heat-Induced polymerizatUHi of ttie photoactive 
monomer typically occurs during the matrix cur& 
[0009] The hytxid matrix precursor is typically an oli- 
gomer derived by hydrolysis and condensation from a 
compound represented l>y R,^(OR')4.n> where M is a 
metallic element that has a valence of three or higher, 
e.g., siricon, titanium, germanium, zirconium, vanadium, 
and aluminum (silicon is considered a metallk; element 
for purposes of ttie invention), R is an alkyI a aryt, such 
as methyl or phenyl, R' Is a lower alkyl with up to 4 car- 
bon atoms, and n ranges from 1 to 2. Advantageously. 



the hybrid matrix precursor contains an oGgomer 
derived from a trifunctional organoalkoxysilane (l e.. an 
organotriethoxysitane). wtiich resUts In a final matrix of 
a branch siloxane l^er networic with organic moieties 

5 attached thereto (and residual hydroxy and alkoxy 
90^)s). (A branch sfloxane ladder network is a three- 
dimensional network of Si-O-Si-O formed from hydro- 
lytic condensation of trifunctional and difunctional wga- 
noalkoxysilanes, wherein at least 20% of ttie SI atoms 

10 are bonded to three O atoms.) 

[POlO] Typically, the matrix precursor is pre-cured 
prior to mixing with the photoimageable system. (Pro- 
cure indicates a step of increasing the viscosity of ttie 
precursor by inducing further condensation.) The pre- 

15 cure typicaOy results in partial formation of the matrix 
structure prior to elding the photoimageable system, 
such that it is possble to perform the final cure at a time 
arid tenperature mild eriough to sut)slaritially avoid any 
heat-induced polymerization off the photoactive mono- 

20 mer ttiat woukf occur wittiout a procure step. (Prema- 
ture Indicates polymerizatkHi of ttie photoactive 
monomer prior to the step of writing data.) 
[POII] The hytMid nature of the matrix material pro- 
vMes several advant^e& The inaganic backbone 

25 Offers ttiermal, mechanical, and chemical stability. The 
inorganic t>acktx)ne also reduces botti the bulk viscoe- 
lastic creep and the txilk polymerization-induced shrink- 
age typicaOy exhibited by media utilizing organk: 
polymer matrices. The organic moieties attached to ttie 

30 backbone provkJecompat9>nity between the matrix pre- 
cursa and the organic components (e.g., the photoac- 
tive monomer) of ttie photoimageable system, allowing 
desirable dispersion of ttie photoimageable system in 
ttie matrix precursor during fabrication of the medium. 

35 In addition, larger organk; moieties, eg., aryls, provkle 
increased free volume and reduced n^work density ni 
the matrix. Such lowered netwak density appears to 
^ ease diffusk>n of the morK>rner vtfittiin ttie matrix duririg 
eocposure, thereby improving the process of storing 

40 data. In addition, selection of ttie organto moieties 
alkjws acQustments to ttie phystoal properties of ttie 
matrix 

[0012] The invention thereby provides a photorecord- 
ing medium with a hybrid Inorganic-organk; matrix that 
46 offers chenrical and mechank^al stability, allows some 
latitude in selecting matrix properties, and is capable off 
being formed in relatively thwk layers 

BRIEF DESCRIPTION OF THE PPAWINQS 

so 

[0013] 

Rg. 1 shows the IR spectra over the course of a 
cure off a recording medium of the invention. 
55 Rgs. 2A and 2B reflect isolated data from ttie IR 
spectra of Rg. 1. 

Rgs. 3A and 38 show the NMR spectrum of a 
recording mecfium of the Invention, prior to final 
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cure, at 7X and 1 X, respectivetyL 

Rgs. 4A and 4B show the NMR spectrum of a 

record ng medium of the invention, after final cure. 

at 6.5X and 1 X. respectively. 

Fig. 5 shows the chemical structures for orga- 

noalkoxysilanes used in the Examples. 

Figs. 6A and 6B show the NM R spectra before and 

after the final cure, respectively, reflecting the 

extent of reaction of the organoaIkOKys3ane6 off Fig. 

5. 

Rg. 7 shows a schematic of a holographic record- 
ing apparatus. 

Fig. 8 shms cfifhaction ^fictency of a hologram 
written into a medium made according to the invert- 
tion. 

Rg 9 shows the effect of prolonged flood exposure 
on a mecium made according to tfie invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[D014] Aocorcfing to tfie process of the invention, a 
hyl>rid inorganic-organic matrix precursor is provided. 
The matrix precursor, typically an oiigomeric material 
that has been somewhat further oondensed, is mixed 
with a photoimageaUe ^stem that typically contains 
one or more photoactive organic monomers and addi- 
tional corrponenls such as a photoinitiator. The mixture 
is then cured to form the final matrix. (Inorganic, for pur- 
poses of the invention, iixficates an element selected 
from Groups 4. 5, 13. and 14 of the Periocfic Table, 
these Groiips defined, for example in Hawie/s Con- 
densed Chemical Dictionary, 12th Ed.) The matrix and 
ttie photoimageaMe system are selected to exfnbit inde- 
pendent chemistries, meaning that the mechanism of 
matrix fonnation differs from that of hologam inscrip- 
tion, i.a. the process k>y which the matrix is fornied from 
tfie precursor will neither (a) substantially induce polym- 
erization of the photoactive morK>mer nor (b) substarv 
tially inhibit sutjsequent polymerization of the monomer 
during hologram writing. Independent chemistries tfius 
erisure that tfie /n s/ifti nriatrix formation will not suk^^ 
tially affect the information storage capabiGly of the pfio- 
toimageat)le system. The matrix is typically formed k)y a 
thermal cure of the precursor, and. because the pho- 
toactive monomer of the photo i mageabie system is 
designed to polymerize by e4)06ure to racfiation and to 
t>e relatively insensitive to matrix formation ooncfitions. 
tfie matrix formation typicaBy does not substantiaBy 
affect the pfiototmageaUe system. As mentioned previ- 
ously, however, some degree of heat-induced polymeri- 
sation of the photoactive monomer typically occurs 
during a matrix cura (Inhibition of subsequent polymer- 
ization refers to the possixlity that matrix formation 
would lead to, for exairpla formation of species tfiat 
would interfere with polymerisation of the photoactive 
morKxner.) 

[0015] The hytxid matrix precifsa IS typically an oli- 
gomer derived from a oorrpound represented by 



RnM(0R')4.n> where M Is a metallic element that has a 
valence of ttvee or higher, ag., sflioon, titanium, germa- 
nium, zirconium, vanadium, and aluminum (silicon is 
considered a metallic element for purposes of the inven- 

5 tion). Risen alkyi or aryl. such as methyl or phenyl. R* 
is a lower alkyi with ijp to 4 cartxHi atoms, and n ranges 
from 1 to 2. At least a portion of the precursor should be 
trifunctional (n=1) to provide a three<fimensional matrix 
structure. It is poss3)le to obtain oligomeric precursors 

10 commercially, particularly sHoxane oligomers. Altema- 
tively. it is possble to obtain monomeric precursor, in 
which case the associated oligomer is formed at some 
point prior to the process of fabricating the photorecord- 
ing medium - typically before mixing of the precursor 

IS with the photoimageabie system. Obtaining or forming 
an oligomeric precursor prior to mixing wHh the pho- 
toimageabie system allows a milder final cure, thereby 
reducing the likelihood of premahire polymerization of 
the photoactive monomer. 

20 [0O161 Matrix formation typically occurs by known 
mechanisms of alkoxide sol-gel chenustry. See. ag.. 
CJ. Brinker et al.. Sol-Gel Science: Physics & Chemis- 
try of Sol-Gel Processing. Academic Press. 1990. In 
accordance with standard altodde sot-gel chemistry. 

25 curing of a trifunctional oligomeric matrix precursor 
involves further condensation, by which the precursor 
forms a ttiree-dimenstonal network. The organic moie- 
ties ttiat are attached to the backbone of the final cured 
matrix affect the properties of the medium, ag.. f lexibO- 

30 rty, impact resistance, thermal shock resistance, refrac- 
tive index, density, and abrasion resistanca It is 
possa)le for a corrtM'nation of organk: moieties, ag.. 
both mettiyl and phenyl, to t>e used to provide desired 
properties. For example, mettiyl increases compatibility 

35 of the hybrid matrix precursor ¥vith ttie photoonageable 
system and permits ttie use of miU cure conditiona 
Phenyl groups also offer such co mpa tit)flity at the cost of 
reduce cure speed, and. due to phenyTs larger size, 
these groi4>s also increase free volume and k3wer the 

40 networic density of ttie nratrixcornpared to a rnatrixwitti 
only rrrattiyl moletiea Lower network density promotes 
(fiffuskxi of the photoactive organic monomer during 
writing of data and adds some flexbility to the matrix. 
(Where tfie matrix precursor is derived from hydrolysis 

45 and condensation of a trihjnctionaiorganoalkQxysilane. 
diffusion is also enhanced by ttie indusfon of dimettiyls- 
ilyl groups in the matrix t>acktx)ne. which also irrproves 
ttiermal shock resistance, but decreases ttie rate of 
matrix condensation.) The organk; moieties whk^h are 

so removed in the condensation reaction, ag.. R' above, 
typnally affect the rate of matrix formation. For example, 
a precursor witti attached mettioxy groups wiD typk»Ily 
react faster than a precursor witti attached ettioocy 
groups, whk:h are larger, in accordance witti the known 

55 trend of larger alkoxy groups resulting in skywer reaction 
times. 

[0O17] CDptionally, the hyt)rid matrix precursor is pre- 
cured. i.a, further condensed In the case of an oligo- 
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meric matrix precursor, prior to mixing with the photoim- 
ageatsle system. When a pre-cure is used to promote 
condensation of the matrix precursor, a milder final cure 
of the matrix precursor/jphotoimageatjle system nvxture 
is typically required because the final cure is performed 5 
on substantially corxtensed oligomer. A milder cure is 
advantageous in that damage to the photoimageaUe 
system, such as heatnnduced premature polymeriza- 
tion of the photoactive nfV)nomer, is generally reduced. 
The pre-cure is performed to an extent that allows sub- 
stantial dispersion of the photoimageable system in the 
pre-cured precursor, but the conditions of the pre-cure 
wiD vary depending on the particular hytxid matrix pre- 
cursor. In addtion. it is possi3le to add an organic sol- 
vent such as acetone to thin the precursor after the pre- 
cure. Typically, the pre^e wiD be performed attemper- 
atiFes ranging from 100 to 200^0 for times less than an 
hour. A control sample easily provides information on 
acceptable conditions for the pre-cifa 
10018] Prior to mixing the hyt>rid matrix precursor, 
whether pre^^ured or not and the photoimageable sys- 
tem, the viscosity of the precursor is typically adjusted 
to about 1000 cps or less addition off solvent to pro- 
mote mixing. It is possible to adjust the viscosity by 
appfication of heat arxVor by use of a solveni Suitable 
solvents for the invention include aDonols with up to 4 
caibon atoms and ketones with up to 4 cartxxi atoms, 
where the alkanols and ketones are capable of being 
evaporated from the matrix precuisor/^shotoimageable 
system mixture at temperatures less than about 80^C. 
Acetone is particularty useful for a variety of matrix pre- 
cursor materials, particularly those with a sifoxane- 
t>ased bacHtx>na Wherea solvent is used, the solvent is 
typically first mixed with tfie matrix precursor to reduce 
the viscosity of the precursor, and then the photoimage- 
able system \s mixed in with the solvated precursor. A 
solvent is particularly useful wftere the matrix precursor 
has t>een pre-cured, since the pre-cure incre^es the 
viscosity of the matrix precursor. Upon rrvxing. the 
hytyid matrix precursor and the photoimageable system 
advantageously form a solutfon of the photo im ageable 
system in the solvated hyt>rid matrix precursor. The bulk 
of the solvent is rennoved heating gently under vac- 
uun\ whfoh also further drives the nriatrix condensation. 
The process is stopped when the desired weight is 
obtained. 

[0019] The photoimageable system contains a pho- 
toactive organic monomer, whKh is induced to polymer- 
ize upon exposure of the photoimageable system to 
light tt«t has passed through an array representing a 
page of data. In response to the lesser arrxxfits of mon- 
omer in the irracfiated regions caused by the polymeri- 
zation, adcfitional nrxxiomer diffuses from the dark to the 
exposed regions. The polymerizatfon and resulting 
nKXX>mer concentration differences create a refractive 
irvJex change, thereby forming a hologram of the data 
carried by the recording light A variety of useful nrKXK>- 
mers, typicaily referred to as pfK>tonrK>nomers. are 



known in the art and are useful in the Invention. See. 
ag.. U.S. patent application serial no. 08/898.142. and 
W.K SfTxythers et al.. "Photopolymers for Hotography.* 
SPIE OE/Laser Conference. 1212-03. Los Angeles. CA 
1990, both referenced previously. In selecting a photo- 
monomer. conskJeratfons include the nmiomer's refrac- 
tive index, particularty the contrast t>etween the 
monomer's refractive index and the matrix's refractive 
index, as well as the rate of reactrvrty of the nmomer. 
Monomers suitable for the medium of the invention 
include acrylato monomers, such as isobomyl acrylate, 
phenoxyettiyl acrylate. and Methylene glycol nrK)noethyl 
ether acrytota Monomers hannng other functfonal 
groips. such as epoxides and vinyl ethers, are also suit- 
abia It is po6si3le to use a monomer that enhances the 
contrast between exposed and non-exposed portions of 
the medium. These contrast-enhancing monomers 
include acrylates such as 2-naptTyl-1-Qxyetfiyl acrylate 
and 2(N-cait>a2oyl-1-oxyethyl) acrylate. It is also possi- 
ble to use monomers which exhM a relatively low 
refractive index, ag., less than 1.50. A mixture of mor>- 
omers is useful in some situations to provxJe desired 
properties. 

10020] Typically, the photoimageable system further 
contains a photoinrtiator. Direct light-induced pdymeri- 
zati(xi of the monomer by exposure to light is often diffi- 
cult, particularty as the tfiicknesses of recording media 
increasa The photoinitiator, upon exposure to relatively 
taw levels of the reconfing fight, chemically initiates ttie 
polymerization of the rTv>nomer. avoUing the need for 
cfirect light-induced polymerization of the monomer. The 
photoinitiator generally should be solut)le in tiie matrix 
and largely unaffected by the final matrix cura and 
shouU offer a source of species that initiate polymeriza- 
tion of the particular photomonomer. Typically, 0.1 to 5 
wt% photoinitiator, based on ttie weight of the photoim- 
ageable system, provkies desirable resuHs. A variety of 
photoinrtiators known to ttiose skilled in ttie art and 
available commercially are suitable for use in the inven- 
tion. It is also possible to use ottter additives in the pho- 
toimageable system, ag., inert (fiffusing agents having 
relatively high or low refractive indk^es. 
[0021] The mixture of the matrix precursor and pho- 
toimageatsle system is given afinal matrix cure to form 
the matix in situ. The final matrix cure is advante- 
geously performed under ooncfitions whrch avoxJ sub- 
stantial premature polymerization of the photoactive 
nrK>rx)mer in the photoimagealsle system. For example, 
as mentioned previously, a thermal matrix cure is typi- 
cally advantageous because light-induced polymeriza- 
tion of the monomer is avokJed. (It is conceivable, 
however, to perform a final matrix cure using a wave- 
lengtti of light at wfiich polymerization of the monomer 
is not substantially triggered.) Even during a thermal 
cure; however, some photoactive monomer of ttie pho- 
toimage^e system will typk»lly be fost. eittier to 
polymerization a ^^)lati!ization. Advantageously, at least 
75 mole% of the monomer will survive the cure^ more 
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advantageously at least 90 mole%. In addition, a com- 
plete cure of the hyt>nd matrix precursor typically s not 
required. Although varying with the particular precursor 
used.acureof atx>ut80%of the precursor is generally 
sufficient to provide a matrix structure having aocepta- 5 
ble physical properties (i.e., 20% of the potential reac- 
tive precursor functionality is unreacted). It is generally 
desired to perform the final cure at temperatures less 
than 100^» to reduce premature polymerization. At 
such temperatures, it is often necessary to peribrmttie 10 
cure for several hours or even days. A control sanple is 
easily used to determine the appropriate cure condi- 
tions for a desired set of parameters. Upon conclusion 
off the cure^ tfie photorecording mecfium is ready for data 
storage^ ag., holographic methods such as those is 
<fiscussed previousiy. 

[0022] In an advantageous embodiment, tfie hytxid 
matrix precursor is an organosilQxane oligomer derived 
from hydrolysis and condensation of one or more tri- 
functional organoalkoxysnanes, ag., triethoxysilanea 20 
Particularty useful trififfictional organoalkoxysHanes 
include methyltriethoxysilane, phenyftriethascysilana 
arxJ mixtures of both methyttriethoxysQane and pheriyl- 
triethaxysOane. It is also possible to include some 
difunctional organoalkoxysilanes. ag.. dialkoxysilanes. 2S 
to provide desired physical properties. In particular, the 
presence of the difunctional organoalkoxysilanes 
reduces the cross-link density in the matrix, thereby, it is 
beGeved, enhandngcGffustonof the photoactive mono- 
nrier in the medium. R>rmation of oligomeric precursor is 30 
accomplished by hydrolysis and oondensatton, thereby 
forming a txanch siloxane ladder network. This oli- 
gomer formation step is typically carried out betefe the 
pre-cure, and a variety of such oligomeric materials are 
commercially available. As discussed previously, the 36 
organic moieties enhance tfie solubility of tfte photoac- 
tive organic monomer in the precursor, arvi also impart 
some flexbHity to the final siloxane matrix. It is possUe 
to commerdaDy obtain organoalkoxysilanes as partially 
hydrolyzed organosiloxane oligomer, as either a Bquid 40 
or a solid form known asflaka 
[0023] Where organosiksxane oligomer flake is used, 
it IS mixed with a solvent, typk»lly txitanol, to form a 
sdutioa It is also possible to add a solvent to Bquid 
organo6ik)Kane matrix precursor, wftethermoriomer.oli- 45 
gomer. or both monomer and oligomer, to adjust tfie 
precursor's viscosity to a desired level. Acetone is par- 
ticularly effective for this purpose, requiring only a small 
amount for sut)5tantial reduction of viscosity. A pre-cure 
is advantageously performed on the oligomeric orga- so 
nosikxxane precursor. Before and during the pre-cura 
portions of the solvent and condensation products, 
whKh are generally volatila typk^ evaporata The 
pre-cure is generally performed at a temperature of 
about 100 to about IGO^'C. for a relatively short time ss 
period of about 10 minutes or lesa The pre-cure pro- 
motes further condensation off the oligomer precursor, 
thereby raising the viscosity. 



[0024] The pra-cured organoalkoxysaane matrix pre- 
cursor is typically mixed with solvent to tower the viscos- 
ity, in order to promote mixing with the photoimageable 
system. As mentk>ned previously, the bulk of tfie solvent 
is then removed by heating gentiy under vacuum, which 
also drives the matrix condensation furtfier. The proc- 
ess is then stopped when a desired weight is obtained. 
The mixture is then finaDy cured to form, /n s/fu, a matrix 
of an irK>rgank;-organic branch siloxane ladder network. 
Due to the effect of the pre*cure. the final cure is typi- 
cally performed at a relatively tow temperature of about 
60 to about 80^C, for a relatively long period of time, 
ag., over 50 hours. This tenperature range is suffkaent 
to continue the condensation started during pre-cure, 
but generally low enough to reduce premature polymer- 
ization of tfie photoactive monomer in the photoirrHgea- 
ble system A cornplete cure of the siloxane matrix is not 
required to form a useful medium. As discussed gener- 
ally above, a cure of atxxit 80% is typtoally adequate to 
provide the desired structural integrity 
[0025] F^txication of tfie recorcfing medium typk^aDy 
involves depositing tiie matrix precursor/pfiotoimagea- 
ble system mixture t)ehween two plates using, for exam- 
pla a gasket to contain the fiquki mixtura The plates 
are typk;ally glass, but it is also possble to use other 
materials transparent to the radiation used to write data, 
ag., a plastic such as polycart)onate or poly(metfiyl 
mettiacrylate). It is possible to use spacers between the 
plates to maintain a desired thickness for the recording 
mediura [)uring tfie matrix cura it is possible for shrink- 
age in the material to aeate stress in the plates, such 
stress altering the parallelism and/or spacing of the 
plates and thereby detrimentally affecting the medium's 
optical propertiea To reduce such effects* it is useful to 
place the plates in an apparatus containing mounts, 
ag., vacuum cfiucks, capable of t>eing adjusted in 
response to cfianges in parallelism arxi/or spacing. In 
such an apparatus, it is possible to monitor the parallel- 
ism by use of a conventional interferomelric method, 
and make any necessary adjustments. 
[0026] Fig. 7 illustrates the basic components of a 
hdographk: system 1 0 suitable for use witti the photore- 
cording medium of the invention. System 10 contains a 
modulating dev»e 12, a photorecording medium 14. 
and a sensor 16. Modulating devwe 12 is ariy devne 
capable of optically representing a two-dimensional 
page of infonnation. Device 12 is typically a spatial Dght 
modulator that is attached to an encoding unit whk^h 
encodes a page of information onto the modulator. 
Based on the encoding, device 12 selectively passes or 
tHocks portions of a signal beam 20 passing through 
devk:e 12. In tfiis manner, beam 20 is encoded with an 
information page image. The page image is stored by 
interfering the encoded signal beam 20 with a reference 
beam 22 at a k)cation on or within photoreconfing 
medium 14. The interference creates an interference 
pattem (or holo^am) that \s captured via photoinduced 
polymerization wittiin medium 14 as a pattern off. for 
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exariple;vaiying refractive index and/brabsor^^ It is 
possible for nme than one holographic image to be 
stored at a single location, or for hologmms to be stored 
in overlapping positior^ by. for example, varying the 
angle, the wavelength, or the phase of the reference 5 
beam 22. Signal beam 20 typically passes through lens 
30 t>efbre being intersected with reference beam 22 in 
the medium 14. It is posssbie for reference beam 22 to 
pass through lens 32 before this Inteisection. 
[O627] After the imaging process has been completed. 10 
the recording medium 14 is sut}jected to a flood expo- 
sure that polymerizes any remaining photoactive mate- 
rial. This flood exposure thereby fixes the system, in a 
photog r aphic sensa It is then possible to retrieve the 
information tyy intersecting reference beam 22 with is 
mecfiun 14 at the same location and at the same angle, 
wavelength, or phase (as in phase conelation multiplex 
holography, discussed previously) at which reference 
beam 22 was directed during storage of the information. 
The reco n struc t ed information page passes through 20 
Iens34andisdetectedby sensor 16. Sensor 16 is, for 
example, a charged coupled device or an active pixel 
sensor. Sensor 16 typically is attached to a unit that 
decodes the information page. 

2S 

Example 1 

[0028] Several recording media were made according 
to the following process. Partially hydrolyzed and con- 
densed digomeric matrix precursor derived from meth- 30 
yitriethoxysilane and phenyttriethoxysilane a 1'1 
mole ratio of methyl to phenyl) was obtained from 
Owens-Illinois (Toledo. Ohio) in flake form. A solution of 
the precursor in acetone, at a ccrK^errtration of 0.25 
g/cm^ was filtered with a 50-micron mesh screen to 3s 
remove particulate& A preKX0e was then performed by 
heating the mixture up to about 120°C. whfle vigorously 
stinring. The residue recovered after evaporation of the 
solvent and evolution of ethanol (wtiich was the concter)- 
sation product) was redissolved in acetena To the 80(- 40 
vated residue'was added 10 wL% of lauryl acrylate 
morxHner. based on the weight of the initial oligomeric 
matrix precursor, and 5 wL% of a titarKx:ene orgarx)me- 
talGc photoinitiator (CXBI 784 obtained from Cfca-Geigy) 
k>ased on the weight of the monomer. The resulting mix- 45 
ture was heated to about 80^. and then poured into an 
o-ring placed onto a glass plate, the o-ring having a 
diameter of about 3 cm and a thickness of about 300 
\m. A second glass sfide was placed over the o-ring, 
and the sample was cured at 80"C for 50 hours in a con- so 
vection oven. The cured samples were transparent and 
exhSxted desirable optical quafity (e.g.. good thickness 
uniformity, kmt level of bubbles and other internal imper- 
fections). 

55 

Examplf2 

[D029] The effect of the final matrix resin cure of 



Example 1 on the lauryl acrylate monomer was moni- 
tored for two samples, using infrared specfroscopy (IR) 
and nuclear magnetic resonance spectroscopy (NMR). 
For IR analysis, a sample ms prepared accorcfing to 
Example 1, but using NaCI plates instead of glass. 
Specfra were acquired on a BOMEN Michelson 100 
FTIR specfrometer at 1 hour intervals for the first 10 
hours, and at 5 hour intervals for the remainder of ttie 
cura NMR analysts of a solid sample was performed 
with a zirconium NMR rotor, and C and Si NMR spectra 
were recorded on a Varian Unity 400 Spectrometer at 
frequencies of 100.5 and 79.5 MHz. respectively. The 
NMR spectra were taken at the beginning of the cure 
cyde (non-spinning spectra) and at the end of the cure 
cyde (mage angle spinning spectra at 5.6 kHz). In per- 
forming the NMR analysis, contact times of 1000 and 
2500 MS were used for H-C and H-Si cross-polarization, 
respectively. High power proton decoupling was 
emptoyed during the NMR analyses at both the begin- 
ning arvJ end of the cure. 

[0030] Fig. 1 shows the IR spectra recorded over the 
50 hour f inal cura The survival of the acry^e during 
the cure is reflected in Figs. 2A and 2B. which reflect the 
acrylate cartxxiyl stretch (1705 cm'^) and acrylate 
CbCH^ wag absorption (910 cm'^), isolated from the 
data of Fig. 1. In Rg. 2A, the peak absorptk>n intensity 
decreases to approximately 80% of its original value. 
However, acetone cartx)nyl at>sort)s in the same wave- 
length region, and the toss in absorption intensity is 
possibly due to volatOizatton of resMual solvent during 
the cura Rg. 2B shows a band of relatively constant 
intensity, due to the acrylate CH2 moiety, over the cure. 
Acrylate C=C bands were obscured iTy the organosiG- 
cate bands, and thus could not be used as a monitor. 
The IR data therefore (fid not provkle an exact quantifi- 
catton of acrylate survival in the recording medium. 
[9031] Fi^3A and 3B show the NMR spectrum of the 
sample t>efore the final cure, at TXarxl IX, respectively, 
on a tetrametfiylsilane scale. Relevant resonances from 
the medium material are noted, along with the reskfual 
acetone. The cartx>nyl signal (166.3 ppm) was again 
used to monitor statxGty of the acrylate during the cure, 
since the aromatic resonances of the phenylsitoxane 
obscure acrylate olefinic caitx>n& Signals of methylene 
and methyl caitx)ns. at 58.5 and 18.0 ppm. respectively. 
provkJe evkience of reskJual ethoxy groups. The small 
resonance at 0.3 ppm indicates presence of a small 
amount of dimethylsilaxane units in the networtc. 
believed to arise from a difunctional impurity in the tri- 
functional precursor. The post-cure NMR spectrum is 
shown in F^. 4Aand 48. at6.5Xand IX, respectively. 
The ak>S6nce of a resonance at 173 ppm. whk:h repre- 
sents the cartx)nyl signal in a polymerized acrylate. indi- 
cates that the monomer was thermally stable at the cure 
conditkMis. However, a comparison of the spectra 
belbre and after the cure indicated that about 75% of 
the monomeric acrylate remained after the cu'a It ts 
k>elieved that a small portion of the acrylate monomer is 



IS 



20 



2S 



30 



7 



13 



EP0938027A1 



14 



lost due to ^M>latOization, as opposed to polymerizati^ 
[0032] NMR also provided information on matrix for- 
mation. Fig. 5 shows the chemical structures for the 
organosiloxanes used in Example 1. represents the 
tMsic monomer, and T\ 7^, and represent succes- s 
sive stages of hydrolysis-condensation of the nrKinO' 
mer. Figs. 6A and 6B show the NMR spectra t)efore and 
after the final are, respectively, with the "m" sutiscript 
indicating a methyl moiety and a "ph" subscript indicat- 
ing a phenyl moiety. Because the organosiloxanes were io 
ot>tained as partially hydrotyzed oligomer, the NMR 
spectrum of Rg. 6A shows primarily and T^, with a 
smafl amount of dimethylsik»ane (P^nd- extent of 
cure, i.e.. the extent of networic formatioa prior to the 
final cure was estimated at atxxit 84%w Fig. 68 shows is 
ttie NMR spectrum after the final cura The peaks are 
similar. (Offering slightly in intensity and tveadth. Fig. 68 
shows that farther nriatrix formation occurred duing the 
cure, tMit, not to 100% reaction. 

20 

Example? 

[0033] A t>asic holographic analysts was performed on 
a sanple made accorcfing to Example 1, but having a 
nriateriallhiclviessof lOOpm. AshfftHfnultiplexconfigu- 2S 
ration was used, in which partially-overiapping holo- 
grams are recorded sequentially, each at a new position 
of the shifted medium, with differentiation during read- 
out enabled by Bragg selectivity. The signal and refer- 
ence beams were generated by a cSodepumped, fire- 30 
quency-doubled YAQ laser, and exhUed a wavelength 
of 532 nm. A single unslanted plane-wave hologram 
wasrecofdedinthe medium with a 10 second exposure 
at an intensity of about 3 mW/cm? (unslanted i n cficating 
a mecfium orientation normal to the bisect of the refer- 3s 
enoe and signal beams). The intensifies of the two 
beams were approximately equal and the hologram d- 
spadng was maintained at about 839 rm A 1 mW 
HeNe laser emitting rad»tion at 632 nm was utifized as 
a probe beam to monitor initial stages of hologram for- 40 
mation in real tima The extent of d i Wfac Uo n by the HeNe 
probe was taken as an indicator of hologram strength. 
AHtKHighthe HeNe probe does not provide a true quan- 
titative measure of hologram strength, the method is 
qualitatively usefuL The data obtained by the HeNe 4s 
probe are reflected in Fig. 8. The Figure shows that 
maximum diffraction efficiency is achieved within a f^ 
secorxJs. 

[0034] After hologram writing, tfie sample was flood 
cured with a xenon lampi with output fatered to yield an so 
intensity of 10 rrliNkn? in the visUe spectrum, for 
atx)ut 10 to 20 secorxls. The flood cure stabiized the 
system against farther photoreaction during hologram 
readout Continued flood fllumination was performed for 
12 hours to test the permanence of the hdograni ss 
Results after the initial flood Qlumihation, and the 12 
hour inumination are shown in Fig. 9. The medium 
exhbited a slight decrease in diffraction efficiency after 



the 12 hour illumir»tion. The mechanism for this 
decrease appears to be the bleaching of part the holo- 
gram due to the presence of the photoinitiator, i.a, a 
photoinitiator absorption grating was superimposed 
over the plane wave hologram. Residual diffraction, due 
to the hologram induced by the refractive index pattern 
of the photopolymer. did not degrade in intensity and 
was obsen^ed to be permanent 
[0035] Other errixxfiments of the invention will be 
apparent to those skilled in the art from consideration of 
the specification and practice of the invention disclosed 
herein. 

Claims 

1. A process for forming a photorecording medium, 
comprising ttie steps of: 

providing a hylxid inorganic-organic matrix pre- 
cursor; 

mixing the matrix precursor with a photoimage- 
able system comprising a photoactive mono- 
mer: and 

curing the mixture to form a hyt>rid inorganic- 
organic matrix oorrprising the photoimageat3le 
system, wherein the matrix and the photoim- 
ageable system exhibit independent chernis- 
trie& 

2. The process of daim 1, wherein the cure is a ther- 
mal cure. 

3. The process of daim 1. wherein the matrix precur- 
sor reacts bf a condensation mechanism to form 
the matrix. 

4. The process of daim 1, wherein the matrix precur- 
sor is derived from at least one compound of the 
general formula RnM(0R')4.ni where M is a metalfic 
element having a valence of three or higher, R is an 
allqrl or an aryl, R* is a tower alkyi having 4 or less 
carbon atomSk and n ranges from 1 to 2. 

5. The process of daim 4, wherein M is selected from 
silkxxi. titannjmi germanium, zirooniura vanadium, 
and aluminum. 

6. The process of daim 1, wherein the matrix precur- 
sor is derived either from at least one trifunctional 
organoalkoxysilane and the matrix comprises a 
branch sOoxane ladder network, or from a material 
comprising methyttriethoxysilane and at least one 
of pttenyltriethoxysilane and dim^hyUiethoxysi- 
bna 

7. The process of daim 1 or 6, further comprising the 
step of perfomrvng a pre^ure of the matrix precur- 
sor prior to mixing the matrix precursor with the 
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photoifnageable system. 

8. The process of claim 7. further comprising ttie step 
of nixing the matrix precursor with a solvent, lor 
example acetone. s 

9. The process of daim 6, wherein the pre^cu'e Is per- 
formed at a temperature of about 100 to about 
160^*0. and/br the cure is perlbrmed at a tempera- 
ture of about 60 to about 80^0. 10 

10. The process of daim 1 or 6, or the medium of daim 
11. wherein the photoimageable system further 
comprises a photoirdtiator. 



11. A photorecording medium, comprising: 



IS 



a hytxid inorgantoorgaruc matrix; and 
a photoimageable system distritxjted within the 
matrix, the photoanageat)le system cornprising 20 
a photoactive monomer, wherein the matrix 
and the photoimageable system exhibit inde- 
pendent chemistries. 

12. The photorecording medium of daim 11, wherein 2S 
the medium is fabricated by the process of daim 1 , 
4or6. 

13. The photorecording medium of daim 11, wherein 
the matrix is formed as a layer having a thldoiess 30 
greater than 1 mm., said layer being for exanrple at 
least one sheet selected from glass and plastic. 

14. The photorecording medium of daim 11, wherein 
the matrix lias a glass traiftution temperature 3s 
greater than 45"C. 

15. A process for hofography, corrprising the step of 
irradiating selected re^ons of a photorecording 
mediurvK wherein the photorecording medium 
prises a hyt)rid inorgani&orgaivc matrix and a pho- 
tdmageaUe system distritxited within the matrix, 
tfte photoimageable system corrprising a photoac- 
tive monomer, and wherein tfie matrix and the pho- 
toimageable system exhibit independent 4S 
chemistries. 

16. The process of daim 15. wherein the hybrid inor- 
ganic-organic matrix is fabricated t}y the process of 
daim1,or6. so 
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FIG, 2A 
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FIG. 3A 




FIG. 3B 
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FIG. 4h 
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